The primary cilium is a solitary, antenna-like sensory organelle with many important roles in cartilage and bone development, maintenance, and function. The primary cilium's potential role as a signaling nexus in the growth plate makes it an attractive therapeutic target for diseases and disorders associated with bone development and maintenance. Many signaling pathways that are mediated by the cilium-such as Hh, Wnt, Ihh/PTHrP, TGFb, BMP, FGF, and Notch-are also known to influence endochondral ossification, primarily by directing growth plate formation and chondrocyte behavior. Although a few studies have demonstrated that these signaling pathways can be directly tied to the primary cilium, many pathways have yet to be evaluated in context of the cilium. This review serves to bridge this knowledge gap in the literature, as well as discuss the cilium's importance in the growth plate's ability to sense and respond to chemical and mechanical stimuli. Furthermore, we explore the importance of using the appropriate mechanism to study the cilium in vivo and suggest IFT88 deletion is the best available technique. ß
Like most mammalian cells, growth plate chondrocytes and perichondrial progenitors contain primary cilia, 1 solitary signaling organelles that project from the cell surface and are implicated in chemo-and mechanosensing. The primary cilium is believed to function as a signaling nexus that amplifies extracellular stimuli, and is therefore an attractive therapeutic target for manipulating cell behavior to induce tissue-level changes. This sensory organelle was first identified in chondrocytes 50 years ago 2 and is essential to key chondrocyte functions, such as endocytosis, 3 apoptosis, 4 and the ability to respond to osmotic changes. 3, 5 Recent work suggests the cilium is also critical for skeletal development, 6, 7 and a protein closely associated with cilium formation and maintenance, IFT88, is important for chondrocyte proliferation and existence of the growth plate. 8 In addition to being a chemosensor, the cilium helps chondrocytes sense and respond to mechanical stimulation. 9 In general, the cilium's inability to sense physical stimuli is tied to a variety of human diseases, termed ciliopathies, that affect the proper function of many tissues. 10 In therapeutic applications, lengthening chondrocyte cilia has been explored as a technique to combat osteoarthritis 11 since this organelle was first linked to the disease. 12, 13 Cilia also contribute to the early stages of skeletal development, when embryos undergo mesenchymal condensation to produce cartilaginous structures surrounded by a thin layer of fibrous tissue, known as the perichondrium. These skeletal templates eventually become mineralized bone via intramembranous and endochondral ossification. In the appendicular skeleton, the surrounding perichondrium provides precursors that form the bone collar, a cuff of compact bone around the cartilaginous diaphysis that supports and preserves the proper shape as the limbs develop, via intramembranous ossification. Blood vessels penetrate the bone collar, enabling perichondrial progenitors to form a primary ossification center in the diaphysis. 14 Secondary ossification centers then appear in the epiphyses such that cartilaginous sections separate the secondary and primary ossification centers. These areas are known as the epiphyseal plates, or postnatal growth plates, and are responsible for lengthening of the limbs after birth.
As a result of mesenchymal condensation, the postnatal growth plate is densely populated with chondrocytes 15 that follow a series of transitions to form trabecular bone via endochondral ossification. Chondrocyte morphology can be used to determine the distinct regions of the growth plate, known as the resting, proliferation, hypertrophic, and ossification zones (Fig. 1) . The resting zone is characterized by round chondrocytes, which then flatten and align into vertical columns as they rapidly undergo mitosis and express Type VI collagen in the proliferation zone. The hypertrophic zone contains expanded, cuboidal chondrocytes that express Type X collagen. These cells then undergo apoptosis or become osteoblasts 16 to aid in forming mineralized matrix and, eventually, bone in the ossification zone. Cells in the perichondrium intimately communicate with growth plate chondrocytes via signaling pathways to direct proliferation and hypertrophy. The sizes of the growth plate, proliferation zone, and hypertrophic zone are critical to the rate and extent of longitudinal bone growth. 17 The onset and rate of hypertrophic differentiation is particularly critical for chondrocytes to undergo the normal program of endochondral ossification. The amount of bone accrued during postnatal skeletogenesis can indicate a risk of osteoporosis, 18 so growth plate formation and function is a particularly important area of study in preventing skeletal abnormalities.
Although there is a large body of literature on signaling pathways associated with the cilium or ciliary proteins in growth plate development and function, these phenomena have yet to be directly linked to the primary cilium. In this review, we first paint a comprehensive story of ciliary signaling pathways that influence chondrocyte behavior in the growth plate to mediate the normal program of endochondral ossification. We also outline the primary cilium's importance in skeletal development and the growth plate's ability to sense and respond to mechanical stimulation. Finally, we will discuss how the mechanism for primary cilium disruption can influence the study of growth plates in vivo.
CILIARY SIGNALING PATHWAYS REGULATE GROWTH PLATE DEVELOPMENT AND FUNCTION

Hedgehog (Hh) Signaling
Hedgehog signaling is critical for several embryonic developmental phenomena, 19 such as limb patterning 20 and left-right asymmetry, 21 and is known to act at great distances from its intended target. 22 discovered that Ptch1 expression was greatly reduced in two cilia knockout models. Furthermore, double knockouts of cilia and Ptch1 were indistinguishable from the cilia knockouts alone. The authors also found similarities between Shh/Gli3 and cilia/Gli3 double knockouts and speculated that the cilium antagonizes production or activity of this Gli repressor. Later studies determined that Gli and Smo proteins localize to the primary cilium, [23] [24] [25] and its existence is required for production of Gli repressors and activators. 26, 27 There are three hedgehog ligands-Sonic (Shh), Indian (Ihh), and Desert (Dhh)-but only Shh and Ihh contribute to growth plate function since Dhh is potentially restricted to the gonads. 28 In one study, overexpression of Shh caused increased and reduced expression of Ptch1 and Ihh, respectively, and severely inhibited endochondral ossification in embryos. 29 Growth plates were either extremely disorganized or totally absent in the limbs. Cartilaginous structures containing misaligned chondrocytes formed in place of the growth plates and were surrounded by a thin layer of bone. Additionally, Shh signaling potentially triggers resting zone cells to enter the proliferative state.
30 Shh and Ihh expression rarely overlap in the growth plate and it is believed that Shh serves to enhance hypertrophic differentiation, while Ihh suppresses it. 30 Ihh signaling promotes chondrocyte proliferation and its elimination causes severe dwarfism in knockout embryos.
31,32 Interestingly, Ihh overexpression alone is sufficient to enhance chondrocyte proliferation. 32 Furthermore, Ihh signaling coordinates the timing of chondrocyte hypertrophy independently, 33 as well as in concert with PTHrP signaling.
34
Indian Hedgehog and Parathyroid Hormone-Related Protein (Ihh/PTHrP) Signaling In context of the growth plate, PTHrP mRNA is expressed in the perichondrium and at lower levels in proliferating chondrocytes, while PTHrP protein is colocalized to corresponding receptors at the proliferation/hypertrophic zone interface. 35 This distribution enables efficient communication between the perichondrium and growth plate chondrocytes to properly time chondrocyte hypertrophy via PTHrP signaling, which normally prevents hypertrophic differentiation. PTHrP knockouts demonstrate premature hypertrophy [36] [37] [38] and typically die at birth. 39 Those that survive birth 42 Specifically, PTHrP primarily dictates the timing of hypertrophy and Ihh regulates proliferation. 44 Since Ihh signaling is mediated by the primary cilium and PTHrP is dependent on production of Ihh ligand, PTHrP is perhaps indirectly reliant on primary cilium function. Interestingly, Prx1Cre;Ift88 fl/fl knockouts, which lack limb bud mesenchymal cell primary cilia, demonstrate decreased Ptch1 and Gli1 expression indicative of disrupted Ihh signaling, but have no change in PTHrP expression. 6 However, this mutation also results in a loss of Gli3, which is known to restore PTHrP expression. Treatment with Hh pathway inhibitor 4 (HPI-4) decreases both Ift88 and PTHrP protein and mRNA expression. 45 Additionally, Ift88 expression and cilium incidence increase when the PTHrP gene is silenced. 46 These studies suggest the cilium is directly affected by PTHrP, but the direct effects of cilium disruption on PTHrP signaling are yet to be explored.
Transforming Growth Factor b (TGFb) Signaling
The TGFb superfamily consists of secreted signaling molecules that regulate chondrocyte differentiation, 47 proliferation, 48 and gene expression, 49 and are essential to limb development and patterning. 50, 51 There are three TGFb isoforms (TGFb1, 2, and 3) that signal via type 1 (TGFbR1) and type 2 receptors (TGFbR2) to activate downstream effectors, such as intracellular SMAD proteins. TGFb signaling is known to suppress chondrocyte hypertrophy 52, 53 and TGFb2 ligand, specifically, is required for Ihh/PTHrP-mediated hypertrophy in the growth plate. 40 This is perhaps not surprising since TGFb1/2/3 mRNA are synthesized in the murine perichondrium and periosteum, TGFb2 and TGFb3 protein surrounds hypertrophic growth plate chondrocytes, and TGFbR1/2 localize to the perichondrium and proliferating and maturing chondrocytes in the growth plate. 54 Recent studies revealed that TGFb receptors localize to the ciliary tip 55 and pocket region, 56 and that TGFb signaling is attenuated in fibroblasts with disrupted cilia. 55 Furthermore, knockdown of a SMAD signaling inhibitor increased SMAD1/5 phosphorylation at the base of the cilium, suggesting the primary cilium regulates TGFb signaling. 56 Growth plate abnormalities in TGFb signaling that were studied in TGFb ligand, TGFbR1/2, and SMAD knockouts are detailed in Tables 1 and 2 . In general, loss of TGFb signaling causes premature chondrocyte differentiation resulting in reduced proliferation, enlarged hypertrophic zones, and severe osteoarthritis.
52,57
Bone Morphogenetic Protein (BMP) Signaling BMPs are a group of signaling molecules within the TGFb superfamily. Although BMPs have long been known to induce osteogenesis and chondrogenesis, 58 only recently has BMP signaling been directly tied to the primary cilium. 55 In vitro studies using a chondrocyte-like immortalized cell line found that mechanical loading elevated BMP-2 levels, but this response was abolished when primary cilia were abrogated. 59 Furthermore, BMP receptors localize to the cilium and it is now believed that the primary cilium tunes TGFb/BMP signaling to mediate cellular processes during development.
56 BMP signaling has four established functions in the growth plate, some of which are antagonistic to TGFb's role in preventing chondrocyte hypertrophy. First, BMP signaling aids in activation of resting zone cells to enter a proliferative state. 60 It also mediates Ihh expression and acts parallel to Ihh signaling to control the rate of chondrocyte proliferation. 61 Its fourth function is to properly time hypertrophic differentiation and, unlike the previous two, this role is independent of the Ihh/PTHrP pathway. 61 The relationship between BMP and Ihh signaling 62 was first discovered when Ihh and BMP1 receptor-IA overexpression models produced similar phenotypes. 63 Since then, it has been shown that enhanced Ihh signaling upregulates BMP signaling in growth plate chondrocytes 33 and Bmp2/4 expression in the adjacent perichondrium.
43,62,64,65 Disruption of various BMPs results in embryonic lethality, 66, 67 abnormal limb patterning, 68, 69 and loss of cartilage condensations. 70 Furthermore, overexpression of Bmp2/4 or their receptors is known to cause cartilage overgrowth, 63, 71 whereas cartilage elements are shorter when BMP signaling is inhibited.
72,73
Canonical and Non-Canonical Wnt Signaling
The canonical pathway involves the stabilization and subsequent entry of cytoplasmic b-catenin into the nucleus to trigger transcription of Wnt target genes, and is therefore referred to as Wnt/b-catenin signaling. The most characterized non-canonical pathway is the planar cell polarity (PCP) pathway, which regulates cell morphology to direct cell orientation. Although some studies indicate there is no connection between the two, 74, 75 both pathways are suspected to CILIA IN GROWTH PLATE SIGNALING 535 be connected to the cilium. 76 Components of the Wnt/PCP pathway localize to the cilium and alterations in ciliary proteins and genes cause abnormal upor down-regulation of Wnt. 75 Furthermore, mutating a Wnt/PCP signaling component is known to cause a ciliopathy, 77 or a disease directly linked to mutations in ciliary genes. A recent study using primary proliferating growth plate chondrocytes demonstrated that cells lacking cilia have increased canonical signaling and decreased expression of a Wnt antagonist, Sfrp5. 8 Collectively, these studies provide strong evidence for a link between cilia and Wnt signaling.
Alterations in Wnt signaling in growth plate chondrocytes 78 cause premature growth plate closure 79 and 
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MOORE AND JACOBS failure to undergo endochondral ossification 80 in mice. One study found that early stage embryonic chick growth plates were completely disorganized and prehypertrophic chondrocytes lacked Ihh and Type X collagen expression when b-catenin was misexpressed. 80 Interestingly, the same misexpression caused the opposite effect in older embryos and the resulting phenotype was consistent with a study showing b-catenin upregulation increases chondrocyte hypertrophy and endochondral ossification. 78 This trend is also observed in mice containing a chondrocyte-specific mutation that enhances canonical signaling. Embryos with overactive canonical Wnt signaling exhibited severe dwarfism in the early stages of embryonic development 81, 82 ; however, overactive signal enhanced perichondrial bone formation at later stages. 83 On another note, proliferating chondrocytes normally align into columns to rapidly divide, but deviate from this behavior when the non-canonical Wnt/ PCP pathway 84 or primary cilia 7 are disrupted. Specifically, proliferating chondrocytes and their cilia fail to align parallel to the longitudinal access, causing a drastic reduction in chondrocyte proliferation. The similarity in these two mechanisms implicates a connection between cilia and the Wnt/ PCP pathway.
Fibroblast Growth Factor (FGF) Signaling
FGF was believed to act independently of the cilium until a study revealed that cilia shorten in zebrafish embryos containing a knockdown of FGF receptor 1 (FGFR1). 85 Recent work in our lab 86 and others 87 suggests that lengthening cilia enhances their mechanosensitivity, so it is perhaps not surprising that FGF mutants with shorter cilia demonstrate developmental abnormalities. 88, 89 In the growth plate, FGF signaling inhibits chondrocyte proliferation and accelerates the onset and rate of hypertrophic differentiation. [90] [91] [92] [93] Interestingly, FGF18 knockouts demonstrate decreased chondrocyte proliferation at E14.5, suggesting this pathway initially promotes chondrocyte proliferation in the early embryonic stages. 94 Mouse models that contain mutations of FGF receptor 2 or 3 to mimic the human achondroplasia phenotype (FGFR2ach or FGFR3ach) also exhibit decreased chondrocyte proliferation, further supporting the idea that FGF signaling may promote chondrocyte proliferation. [95] [96] [97] [98] [99] [100] However, FGFR3 knockouts demonstrate increased proliferation, so it is possible that the mechanism of disruption influences the resulting phenotype. 101, 102 FGF is thought to have an antagonistic relationship with BMP signaling to mediate Ihh expression, chondrocyte proliferation, and the pace of hypertrophic differentiation. 60, 90 Presently, a connection between FGF signaling and the primary cilium seems plausible, but more studies must be performed to determine whether one is dependent on the other and/or if they act in parallel.
Notch Signaling
Similar to FGF signaling, the cilium has only recently been implicated in Notch signaling. 103 Indeed, Notch receptors and enzymes localize to the cilium, 103 and alterations in Notch signaling induce changes in cilium length, 104 promote the formation of multiple cilia, 105 and stimulate accumulation of Smo within the cilium, 106, 107 Since both prehypertrophic and hypertrophic chondrocytes in the growth plate express Notch2/3/4, this pathway is believed to coordinate the onset of hypertrophy and subsequent endochondral ossification. [108] [109] [110] Mutants containing a chondrocyte-specific activation of Notch (Col2a1Cre;Rosa Notch ) hadmisexpression in proliferating chondrocytes, exhibited severe dwarfism, and did not survive birth. 111 More importantly, the Col2a1-Cre;Rosa Notch phenotype is comparable to a global defect in cartilage formation and differentiation. Although the Col2a1Cre;Rosa Notch phenotype overlaps with other mutations in the aforementioned pathways, further work must be done to definitively link the cilium to Notch signaling in the growth plate.
CHONDROCYTE PRIMARY CILIA ALIGNMENT A N D T H E P R O P O S E D F U N C T I O N S O F ORIENTATION IN CARTILAGE
Cilium orientation plays a specific and critical role in the proper function of many tissues. For example, renal epithelial cilia project into the kidney tubule in order to sense fluid flow through the tubule. Cartilage is no exception and the orientation of chondrocyte cilia is believed to serve many key purposes. In regions that are frequently exposed to mechanical forces, chondrocyte cilium orientation is easier to define than in areas that experience little to no loading. 112 These cilia are oriented along the direction of high tensile and compressive forces, 113, 114 and it is speculated that this polarization aids in avoiding hyper-responsiveness to stimuli. 112 Poole et al. discovered the chondrocyte cilium preferentially colocalizes with the Golgi apparatus to potentially optimize secretion of extracellular matrix. 115, 116 Primary cilia in the superficial layers of articular cartilage are oriented away from the articular surface, 112 and it has been proposed that this polarization helps facilitate the appositional growth and maturation of cartilage. 117 In the radiate layers of articular cartilage, chondrocytes align similar to those in the proliferation zone and their cilia are either oriented toward the articular surface or subchondral bone. 112 One suggestion for this phenomena is that this definable orientation establishes a comprehensive higher order memory of the loading environment in whole articular cartilage. 112 Cilium orientation is also critical to chondrocyte rotation, the process whereby proliferating cells in the growth plate divide and rotate to stack on top of one another in order to form the characteristic vertical columns observed in the proliferation zone. 7, 118 It has been suggested that chondrocyte rotation is directed by communication with the extracellular matrix 119 since b1 integrins are also critical to rotation 120 and localize to the cilium. 121 Although the orientation of cilia has been well characterized in articular cartilage and the growth plate, CILIA IN GROWTH PLATE SIGNALING 537 many of these predicted roles are primarily speculations. One study found that growth plate chondrocyte cilia orientation was correlated with reduced proliferation, accelerated hypertrophic differentiation, and postnatal dwarfism, 10 but the direct effects of cilium misalignment in cartilage have yet to be fully explored.
DISRUPTING PRIMARY CILIA RESULTS IN ABNORMAL GROWTH PLATE MORPHOLOGY AND SEVERE SKELETAL ABNORMALITIES Embryonic Endochondral Bone Formation
The embryonic growth plate and bone collar are crucial foundations that direct subsequent skeletal development of the limbs. Haycraft et al. generated a Prx1CreER;Ift88 fl/n conditional knockout of the key ciliary protein, IFT88, to study the role of mesenchymal progenitor cilia in normal limb development of murine embryos.
6 Prx1-expressing mesenchymal progenitors differentiate into chondrocytes and osteoblasts that help form the perichondrium and bone collar during embryonic development. Not surprisingly, Prx1CreER;Ift88 fl/n knockout perichondria varied in thickness along the length of the diaphysis, contained hypertrophic chondrocytes, and was surrounded by chondrocytes, rather than the characteristic osteoblasts observed in the bone collar. Moreover, mutants had severely attenuated bone collar formation since the perichondrium provides the osteoblasts responsible for its formation. Embryos lacking mesenchymal progenitor cilia also had smaller growth plates that contained a greater number of persistent hypertrophic chondrocytes and undersized proliferation zones. Overall, it appears that mesenchymal progenitor primary cilia are necessary for proper chondrocyte and osteoblast differentiation, as well as formation of the perichondrium and bone collar. The abnormal presence of hypertrophic chondrocytes around the mutant perichondrium also suggests the mesenchymal daughter cells that populate the perichondrium are unable to effectively communicate with neighboring chondrocytes, preventing mutants from transforming a cartilaginous skeletal template to a foundation for ossification. Combined, the aforementioned phenotypic abnormalities caused severe dwarfism in mutant embryos.
Postnatal Growth Plate Organization and Function
Cilium deletion also has negative consequences on the postnatal growth plate and subsequent endochondral ossification, even if embryonic development is normal. McGlashan et al. 117 generated a transgenic knockdown of the murine homolog of human Ift88, Tg737, and evaluated these Tg737 ORPK pups at postnatal day 4 (P4). Mutants were 75% the size of wildtype pups and their growth plates were smaller in both length and width. Although mutants contained a similar number of proliferating chondrocytes relative to growth plate area, these cells were rounder and less vertically aligned than the normal flat, tightly stacked chondrocytes observed in controls. Hypertrophy was delayed in mutants, resulting in smaller hypertrophic zones compared to controls. Moreover, mutant growth plates expressed Type II collagen throughout the growth plate and had attenuated Type X collagen expression, which is characteristically present in the hypertrophic zones of normal growth plates. Overall, it appears the cilium is critical for hypertrophic differentiation and subsequent endochondral ossification.
In order to explore the chondrocyte cilium in postnatal growth plate function, Song et al. 7 generated a conditional knockout model to disrupt primary cilia specifically in chondrocytes (Col2a-Cre;Kif3a fl/fl ). By P30, mutants demonstrated severe dwarfism and lacked epiphyseal growth plates. At P7, mutant growth plates lacked distinct zones and ectopic hypertrophy was so prevalent that the hypertrophic regions of the primary and secondary ossification centers were connected. Furthermore, Song et al. noted an 80% reduction in proliferating chondrocytes, which deviated from the normal flat morphology and favored a rounder shape. In controls, the orientation of the chondrocyte cilium and Golgi apparatus was consistently perpendicular to the long axis of the limb; however, mutant chondrocytes favored a random orientation and subsequently exhibited defects in chondrocyte rotation. The growth plate was completely absent, ossification centers fully united, and proliferating cells were rarely observed by P15. Type X collagen was present throughout the region where the growth plate should have been, indicating accelerated hypertrophy. Collectively, these results further suggest the cilium mediates chondrocyte hypertrophy and proliferation via chondrocyte rotation.
Cilia Signaling Pathways Implicated in the Growth Plate
A few studies have attempted to identify specific ciliary signaling pathways that contribute to growth plate abnormalities. In one study, 11.5-day-old Prx1CreER;Ift88 fl/n embryos (E11.5) were found to have deficient Gli expression, indicating disrupted Shh signaling. E18.5 mutants exhibit loss of Ptch1 and Gli1 in prehypertrophic cells and the perichondrium, as well as reduced Ihh expression in prehypertrophic cells, indicating a disruption in Ihh signaling. 6 Song et al. 7 also observed a dramatic reduction of Ptch1 in prehypertrophic chondrocytes at E15.5 in their Col2a-Cre;Kif3a fl/fl chondrocyte knockout; however, Ptch1 and Ihh expression were not altered in postnatal growth plate chondrocytes. These studies suggest alterations in Hh signaling interfere with the appropriate timing of chondrocyte hypertrophy in embryonic skeletal development.
Chang and Serra 8 explored ciliary signaling pathways in the postnatal growth plate using microdissected primary proliferating chondrocytes from mice containing a chondrocyte-specific deletion of primary cilia (Col2aCre;Ift88 fl/fl ). At P7, mutant proliferating Table 2) development. b-catenin and Ihh knockouts appear to best mirror cilia knockouts in embryonic and postnatal development, respectively, but this is perhaps because these models were most extensively studied. It is important to note that very few direct comparisons are currently published and several Col2a1Cre models did not survive birth, making postnatal evaluation impossible. 122 Additionally, many of the available publications on these models do not necessarily evaluate the growth plate to the extent that Rosa Serra's group has, Dao et al. 83 Thus, it is possible that more knockouts overlap but further studies are required for definitive proof.
The Primary Cilium Mediates Mechanical Forces on the Growth Plate
In addition to its chemosensory roles, the primary cilium is further regarded as a critical mechanosensor in numerous cells. Chondrocytes are frequently exposed to compressive forces and the cilium is required for a load-induced calcium signaling response, 9 which is also observed in other cell types. [136] [137] [138] [139] Ciliummediated calcium influx is indicative of chondrocyte mechanotransduction 140 and triggers intracellular signaling cascades. In fact, biological and chemical removal of cilia dramatically reduces cyclic loadinginduced increases in Type II Collagen, Type X Collagen, and BMP-2 in chondroprogenitors, as well as load-induced increases in Type X Collagen in hypertrophic chondrocytes. 59 Mechanically induced activation of Ihh signaling in primary chondrocytes is also lost when primary cilia are absent. In articular cartilage, cilia are important for chondrocytes to respond to compression-induced osmotic changes. 3, 141 Similarly, chondrocyte cilia also play a role in the growth plate's ability to sense compressive loading. In one study, primary growth plate chondrocytes exposed to hydrostatic compression demonstrated increased Ptch1 and Gli1 expression, but this enhanced Ihh signaling was abrogated in Tg737 ORPK chondrocytes, which lack primary cilia. 142 A second group applied moderate supraphysiological loads to young chickens and found that overloaded chicks exhibited accelerated cartilage resorption, narrower growth plates, and shorter, thinner limbs compared to physiologically loaded chicks. 143 Overloaded chicks contained fewer proliferating and hypertrophic chondrocytes and there was a sharper distinction between these two zones. Their growth plates also demonstrated advanced ossification and vascularization. Upon further investigation, the same group determined overloading also increased Ift88 expression, which subsequently increased cilium incidence, and created abnormal growth plate chondrocyte morphology in chicks. 144 Specifically, proliferating chondrocytes became more flat and condensed along the direction of compressive loading and hypertrophic cells appeared more spherical than controls. Additionally, the number of proliferating and hypertrophic cells decreased and increased, respectively, due to an apparent shift from a proliferative to hypertrophic state. The authors hypothesized that load-induced enhanced ciliogenesis altered Ihh/PTHrP signaling, which mediates the onset of hypertrophic differentiation. Indeed, overloaded prehypertrophic chondrocytes exhibited a significant decrease in Ptch1 and Ihh expression, whereas PTHrP expression intensified in the prehypertrophic zone but nearly vanished in the resting zone. These studies are important because they directly link the cilium to a previously established growth plate signaling pathway (Ihh/PTHrP). Furthermore, they ascertain the growth plate chondrocyte primary cilium's involvement and importance in mechanosensing.
The Mechanism for Primary Cilium Disruption is an Important Consideration for In Vivo Models
Up to this point in the review, we have generalized transgenic knockout models when discussing the cilium's role in skeletal development. In reality, researchers have utilized two methods to induce cilium disruption: Deletion of either KIF3a or IFT88. Initially, cilia were disrupted by deleting Kif3a, a subunit of the kinesin II motor protein required for cytosolic transport, as well as intraflagellar transport-mediated cilium formation and function. Kif3a was later found to have a cilium-independent role when Corbit et al. discovered Kif3a knockouts uniquely maintain constitutive phosphorylation of Dishevelled 3 (Dvl3), a cytosolic protein that acts downstream of Wnt ligand binding.
145 Surprisingly, this phenotype was not present in Ift88 knockouts and the authors concluded Kif3a plays an independent role in Wnt signaling. The currently accepted mechanism to eliminate cilia is to delete Ift88, a complex that connects ciliary protein cargo to the kinesin II motor protein. In recent years, 146 and generally prefer an siRNAmediated knockdown of IFT88 to chloral hydrate removal, which affects other cellular processes at the base of the cilium, in vitro. 147, 148 In some instances, the mechanism of cilium disruption may not influence results, 146 but the comparison between IFT88 and KIF3a deletion remains inconclusive in published literature. For example, Rosa Serra's group reports that Col2a-Cre;Kif3a fl/fl and Col2a-Cre; Ift88 fl/fl juveniles both exhibit dwarfism; however, the authors do not comment on the phenotypic differences between the models, although slight, since this was not their focus ( Fig. 2g and i) . 7 Upon closer examination of their published figure, Col2a-Cre;Kif3a fl/fl model. 134 The discrepancy could simply be a consequence of variation in where along the bone thickness the sections were collected, so it is difficult to draw a definitive conclusion without a more robust analysis.
In another study by Rosa Serra's group, 6 both Prx1Cre;Kif3a fl/n and Prx1Cre;Ift88 fl/n embryos demonstrate dwarfism resulting from malformed growth plates and again the phenotypes slightly differ (Fig. 2d and f) . Specifically, Prx1Cre;Kif3a fl/n knockouts display superior vascularization in the marrow cavity, which primarily contains chondrocytes in Prx1Cre;Ift88 fl/n mutants. The discrepancy is potentially due to Kif3a's role in Wnt signaling, 145 which plays an important role in growth plate formation 149 and chondrocyte proliferation and maturation. 84 Dishevelled is phosphorylated when Wnt signaling is activated and Kif3a knockouts exhibit no change in phosphorylated Dvl3, 145 so this pathway should be somewhat intact in Prx1Cre;Kif3a fl/n mice. Interestingly, cartilagespecific Wnt signaling is known to aid in vascularization of the developing limb. 83 We therefore speculate that Prx1Cre;Kif3a fl/n knockouts uniquely retain some ability to inhibit chondrogenesis and stimulate angiogenesis, resulting in superior vascularization compared to Prx1Cre;Ift88 fl/n mutants. The aforementioned overloading study performed in chicks by Rais et al. 144 also presents an interesting discrepancy between Ift88/Kif3a and cilia in the growth plate. Specifically, when growth plate chondrocyte ciliogenesis was enhanced in response to overloading, the corresponding increase in Ift88 expression was almost double that of Kif3a. The meaning behind this correlation remains unexplored but it does support the hypothesis that Ift88 is more tightly connected to ciliogenesis. Although IFT88 deletion is perhaps a more appropriate mechanism to specifically study the cilium, particularly in the context of skeletogenesis, Ift88 is known to have a cilium-independent role in cell migration. 150 For growth plate studies, however, this is less offensive (e and f) embryos both demonstrate shortened growth area (yellow arrows) and abnormal marrow cavity formation (red asterisks) compared to controls (a and b). However, Prx1Cre;Kif3a fl/n pups have superior vascularization compared to Prx1Cre;Ift88 fl/n knockouts. Similarly, Col2aCre;Kif3a fl/fl (g) and Col2aCre;Ift88 fl/fl (i) mutants have severely disorganized growth plates that are essentially absent compared to their respective controls (h and j), but this absence is more pronounced in Col2aCre;Ift88 fl/fl mutants. Prx1Cre and Col2aCre knockouts were analyzed during embryonic and postnatal development, respectively. This figure is a modification of images published in 6 and.
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In conclusion, the primary cilium is undoubtedly critical to growth plate development, maintenance, and function at embryonic and juvenile stages. Many groups have demonstrated that ciliary signaling pathways mediate growth plate behavior, but only a handful have directly tied relevant phenomena to the primary cilium itself. Still, these studies support the idea that the cilium perhaps serves as a signaling nexus to coordinate Hh, Ihh/PTHrP, Wnt, TGFb, BMP, FGF, and Notch pathways in the growth plate. Moreover, chondrocyte cilia play an important role in sensing mechanical loading and hydrostatic pressure to tune the growth plate's response to physical stimuli. Lastly, the mechanism of disruption is an important consideration when studying skeletogenesis, and IFT88 deletion is perhaps the optimal choice. Considering the overall impact of the primary cilium and its potential to manipulate critical growth plate signaling pathways, the primary cilium is an attractive therapeutic target for skeletal development and maintenance that deserves further investigation.
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